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At the LHC, bottom baryons are being produced in unprecedented quantities, which opens up a
new field for flavor physics. For example, the decay Λb→ pµ−ν¯ can be used to obtain a novel
determination of the CKM matrix element |Vub|, and the decay Λb → Λµ+µ− probes the weak
interactions at the loop level. The first lattice calculations of the relevant Λb → p and Λb → Λ
form factors have recently been performed using domain-wall light quarks and static b quarks.
To further reduce the theoretical uncertainty, one has to go beyond the static approximation. Here
I present new calculations of Λb → p, Λb → Λ, and Λb → Λc form factors using a relativistic
heavy-quark action.
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Figure 1: Production fractions of different species of b hadrons at LHCb, as a function of transverse mo-
mentum [1].
1. Introduction
Studying the weak interactions of b quarks is one of the most powerful ways to search for
physics beyond the Standard Model. Unlike the dedicated B factories, a high-energy hadron col-
lider produces all species of b hadrons, including baryons. Figure 1 shows the relative production
fractions observed at LHCb [1]. Remarkably, the number of Λb baryons is comparable to the num-
ber of Bu or Bd mesons, and is significantly higher than the number of Bs mesons. This raises the
questions: How useful are Λb baryons for flavor physics? What input is needed from lattice QCD?
In this contribution, I discuss two examples of Λb decays that offer certain advantages over
similar decays of B mesons: the decay Λb → Λ`+`−, which is a flavor-changing neutral current
process with high sensitivity to new physics, and the decay Λb → p`−ν¯`, which is a promising
mode for a measurement of the CKM matrix element |Vub| at the Large Hadron Collider. In both
cases, form factor calculations using lattice QCD are needed to utilize the experimental data.
I begin by discussing the phenomenology of Λb→ Λ`+`− and Λb→ p`−ν¯` in Secs. 2 and 3,
highlighting the differences to analogous mesonic decay modes. In Sec. 4, I review the first lattice
calculations of Λb→Λ and Λb→ p form factors, which were performed with static b quarks [2, 3].
This section also includes the corresponding results for the Λb→ Λ`+`− and Λb→ p`−ν¯` decay
observables. In Sec. 5, I then present ongoing new calculations of the complete sets of relativistic
Λb→ Λ, Λb→ p, and also Λb→ Λc form factors. These new calculations will allow predictions of
the Λb decay observables with significantly reduced uncertainties, as discussed in Sec. 6.
2. The decay Λb→ Λ`+`−
In the decay Λb→ Λ`+`−, the bottom quark turns into a strange quark, a process that in the
Standard Model is forbidden at tree-level and proceeds through box and penguin diagrams. This
suppression results in a strong sensitivity to new physics. At low energy, b→ s`+`− transitions
can be described by an effective Hamiltonian
Heff =−4GF√
2
VtbV ∗ts ∑
i
[
CiOi+C′iO
′
i
]
, (2.1)
2
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which contains the quark-bilinear operators
O(′)7 = emb/(16pi
2) s¯aσµνPR(L)ba Fµν , (2.2)
O(′)8 = gmb/(16pi
2) s¯aσµνPR(L)bb G
µν
ab , (2.3)
O(′)9 = e
2/(16pi2) s¯aγµPL(R)ba ¯`γµ`, (2.4)
O(′)10 = e
2/(16pi2) s¯aγµPL(R)ba ¯`γµγ5`, (2.5)
as well as four-quark operators O(′)1,...,6, including, most importantly,
O1 = c¯bγµPLba s¯aγµPLcb, O2 = c¯aγµPLba s¯bγµPLcb. (2.6)
The matrix elements of O(′)7 , O
(′)
9 , O
(′)
10 factorize into local hadronic matrix elements and trivial
leptonic/QED pieces. The hadronic matrix elements can be written in terms of ten independent
form factors, which are scalar functions of q2 = (p− p′)2:
〈Λ| s¯γµ b |Λb〉 = u¯Λ
[
fV1 γ
µ − fV2 iσµνqν/mΛb + fV3 qµ/mΛb
]
uΛb , (2.7)
〈Λ| s¯γµγ5 b |Λb〉 = u¯Λ
[
f A1 γ
µ − f A2 iσ µνqν/mΛb + f A3 qµ/mΛb
]
γ5 uΛb , (2.8)
〈Λ| s¯ iσµνqν b |Λb〉 = u¯Λ
[
f TV1 (γ
µq2−qµ/q)/mΛb− f TV2 iσµνqν
]
uΛb , (2.9)
〈Λ| s¯ iσµνqν γ5 b |Λb〉 = u¯Λ
[
f TA1 (γ
µq2−qµ/q)/mΛb− f TA2 iσµνqν
]
γ5 uΛb . (2.10)
In the Standard Model, the Wilson coefficients of O7,9,10 are (at µ = mb) C7 ≈ −0.33, C9 ≈ 4.2,
C10 ≈ −4.1 [4], while the Wilson coefficients of the opposite-chirality operators O′7,9,10 are neg-
ligibly small. The other operators in Heff contribute to the decay via nonlocal hadronic matrix
elements containing an additional insertion of the quark electromagnetic current. At large q2, an
operator product expansion can be used to express these contributions in terms of the local matrix
elements (2.7) and (2.9) at leading order [5].
The first observation of the baryonic decay Λb → Λ`+`− was reported in 2011 by the CDF
collaboration [6]. Experimental measurements of mesonic b→ s transitions date back much further
[7]. Of the mesonic transitions, the decay B → K∗`+`− is particularly useful for individually
constraining all of the Wilson coefficients C7, C′7, C9, C
′
9, C10, and C
′
10. This is because all of the
currents s¯σ µνb, s¯σµνγ5b, s¯γµb, and s¯γµγ5b have nonzero B→K∗ matrix elements, and these matrix
elements depend on the spin of the K∗. In contrast, for the decay B→ K`+`− with a pseudoscalar
kaon, the matrix elements of s¯σ µνγ5b and s¯γµγ5b vanish, so that only the combinations C7 +C′7,
C9+C′9, and C10+C
′
10 are probed.
In the case of B→ K∗`+`−, the K∗ immediately undergoes a strong decay, K∗ → Kpi , so
that the observed process is actually B→ Kpi`+`−. The angular distribution of this four-body
decay can be analyzed to disentangle the contributions from the various operators inHeff (see, e.g.,
Ref. [4]). This analysis is usually performed in the narrow-width approximation, which assumes an
on-shell K∗ decaying purely in a P-wave. The narrow-width approximation introduces systematic
errors, partly because the observed decay B→ Kpi`+`− also receives S-wave contributions from
scalar resonances [8]. A complete analysis would require a calculation of the B→ Kpi (rather than
B→ K∗) matrix elements of the b→ s currents, which is a very challenging problem for lattice
QCD.
3
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Figure 2: The decay Λb→ Λ(→ ppi−)`+`−.
The problem with the narrow-width approximation is completely absent in the baryonic decay
Λb→ Λ`+`−, because the Λ is stable in QCD. At the same time, the decay Λb→ Λ`+`− is theo-
retically at least as powerful as B→ K∗(→ Kpi)`+`− for probing the full helicity structure ofHeff.
The Λ in the final state decays through the weak interaction into npi0 or ppi− (the latter mode is
reconstructed in experiments). The kinematics of the two-stage decay Λb→ Λ(→ ppi−)`+`− can
be described by four variables: the angles θp, θl , φ (see Fig. 2) and the invariant mass squared of
the lepton pair, q2. Expressions for the four-fold decay distribution (for the case of unpolarized Λb)
can be found in Ref. [9]. For example, after integrating over θl and φ , the θp-dependence of the
decay rate is
dΓ
[
Λb→ Λ(→ ppi−)`+`−
]
dq2 dcosθp
=B(Λ→ ppi−)1
2
dΓ
[
Λb→ Λ`+`−
]
dq2
(
1+aP(Λ)z cosθp
)
, (2.11)
where P(Λ)z (q2) is the z-component of the Λ polarization [9, 10] and a = 0.642(13) [11] is the
parity-violating “analyzing power” of Λ→ ppi−. Equation (2.11) shows that the decay Λb →
Λ(→ ppi−)`+`− features a hadron-side forward-backward asymmetry, which is not present in B→
K∗(→ Kpi)`+`−. Furthermore, the φ -dependence of the decay distribution is sensitive to the CP-
odd transverse polarization P(Λ)x [9, 12].
A related rare decay is the radiative mode Λb→ Λγ , which is mediated primarily by the oper-
ators O7 and O′7. The possibility of using the Λb and/or Λ polarizations to disentangle the contri-
butions of O7 and O′7 was discussed for example in Refs. [13, 10, 14].
3. The decay Λb→ p`−ν¯`
The rate of the decay Λb → p`−ν¯`, where the bottom quark turns into an up quark, is pro-
portional to |Vub|2; this decay can therefore provide a novel measurement of the poorly known
magnitude of the CKM matrix element Vub. So far, all measurements of |Vub| have used B meson
decays and were performed at dedicated B factories. As shown in Fig. 3, there is a significant
discrepancy between the most precise extraction from exclusive B¯→ pi`ν¯ decays [15], which uses
B→ pi form factors from lattice QCD [18], and the determinations from inclusive B¯→ Xu`ν¯ decays
[11]. The results from the purely leptonic decay B¯→ τν¯τ have large experimental uncertainties due
to limited statistics.
Given that the B factories are no longer running, it is highly desirable to perform an indepen-
dent measurement of |Vub| at the LHC. One reason why measurements of B¯→ pi`ν¯ are difficult at
the LHC is the large pion background produced in a hadron collider. The final state of Λb→ p`−ν¯`
4
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2 3 4 5 6 7 8
103 · |Vub|
B→ Xu `ν
(inclusive)
PDG(BABAR, Belle, CLEO) 2012, Lange et al. 2005
PDG(BABAR, Belle, CLEO) 2012, Gambino et al. 2005
PDG(BABAR, Belle, CLEO) 2012, Andersen and Gardi 2006
B→ pi `ν
(exclusive)
HFAG(BABAR, Belle, CLEO) 2011, Ball and Zwicky 2005 (LCSR)
HFAG(BABAR, Belle, CLEO) 2011, Khodjamirian et al. 2011 (LCSR)
HFAG(BABAR, Belle, CLEO) 2011, HPQCD 2006
HFAG(BABAR, Belle) 2011, FNAL/MILC 2009 (BCL fit)
B→ τ ν
BABAR 2012, FNAL/MILC 2011, HPQCD 2012
Belle 2013, FNAL/MILC 2011, HPQCD 2012
CKM unitarity global fits
CKMfitter (2013)
UTfit (2013)
Figure 3: Summary of results for |Vub| as of July 2013 [11, 15, 16, 17].
Process u¯γµb u¯γµγ5b
B¯→ pi ` ν¯` X ×
B¯→ ` ν¯` × X
B¯→ Xu ` ν¯` X X
Λb→ p` ν¯` X X
Table 1: Currents contributing to different b→ u` ν¯` processes.
is more distinctive, making this the preferred mode for a |Vub| determination with the LHCb exper-
iment [19]. The data analysis for Λb→ pµ−ν¯µ is currently in progress [19].
There is also another reason why the decay Λb→ p`−ν¯` is very interesting. The discrepancy
between the B¯→ pi`ν¯ and B¯→ Xu`ν¯ determinations could in principle be caused by new physics
that introduces a right-handed current, with a new coefficientV ′ub, in the b→ u`−ν¯` effective Hamil-
tonian [20]:
Heff =
GF√
2
[
Vub(u¯γµb− u¯γµγ5b)+V ′ub(u¯γµb+ u¯γµγ5b)
]
( ¯`γµν− ¯`γµγ5ν). (3.1)
A non-zeroV ′ub could explain the order |V effub |B¯→pi`ν¯ < |V effub |B¯→Xu`ν¯ < |V effub |B¯→`ν¯ of extracted values,
because these three decays depend on different combinations of the vector and axial vector currents
(see Table 1). The baryonic decay Λb → p`−ν¯` receives contributions from both the vector and
axial vector currents, and will provide a valuable test of the new-physics scenario (3.1).
The Λb→ p form factors are defined as in Eqs. (2.7-2.10), with the appropriate replacements.
With the effective Hamiltonian (3.1), the Λb→ p`−ν¯` decay rate depends on the six form factors
fV1,2,3 and f
A
1,2,3 (in the approximation m` = 0, the form factors f
V
3 and f
A
3 do not contribute).
4. Lattice calculation with static b quarks
The expressions (2.7)-(2.10) for the decomposition of the Λb→ Λ or Λb→ p matrix elements
5
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Set N3s ×Nt β am(sea)s am(sea)u,d a (fm) am(val)s am(val)u,d m(vv)pi (MeV) m(vv)ηs (MeV)
C14 243×64 2.13 0.04 0.005 0.1119(17) 0.04 0.001 245(4) 761(12)
C24 243×64 2.13 0.04 0.005 0.1119(17) 0.04 0.002 270(4) 761(12)
C54 243×64 2.13 0.04 0.005 0.1119(17) 0.04 0.005 336(5) 761(12)
C53 243×64 2.13 0.04 0.005 0.1119(17) 0.03 0.005 336(5) 665(10)
F23 323×64 2.25 0.03 0.004 0.0849(12) 0.03 0.002 227(3) 747(10)
F43 323×64 2.25 0.03 0.004 0.0849(12) 0.03 0.004 295(4) 747(10)
F63 323×64 2.25 0.03 0.006 0.0848(17) 0.03 0.006 352(7) 749(14)
Table 2: Parameters of the gauge configurations and light-quark propagators.
in terms of form factors simplify dramatically if the b quark is treated at leading order in heavy-
quark effective theory (HQET), i.e. in the static limit. The matrix elements with arbitrary gamma
matrices in the current can then be written in terms of only two form factors F1 and F2 as follows:
〈X | q¯ΓQ |ΛQ〉 = u¯X
[
F1(ΛQ→X)+/v F2(ΛQ→X)
]
ΓuΛQ , (4.1)
where X = Λ, p and q = s,u. Here, v is the four-velocity of the ΛQ baryon, and Q is the static
heavy-quark field satisfying /vQ = Q. The form factors F1 and F2 are functions of v · p′, where p′
is the momentum of the final-state baryon (in the ΛQ rest frame, one has v · p′ = EX ). The static
approximation is accurate up to corrections of order Λ/mb, where Λ is the typical momentum scale
of the light degrees of freedom (at zero recoil, Λ∼ ΛQCD).
Lattice QCD determinations of the form factors F1 and F2 are published in Ref. [2] for ΛQ→Λ
and in Ref. [3] for ΛQ→ p. We performed these calculations with domain-wall u, d, and s quarks,
using gauge field configurations generated by RBC/UKQCD [21]. Their parameters are shown in
Table 2. We implemented the static heavy quark using the Eichten-Hill action [22] with one level of
HYP smearing [23]. In addition to reducing the number of form factors and hence simplifying the
data analysis, the static limit also saves computer time, because the heavy-quark propagators can
be constructed without any inversions. The O(a)-improved matching of the static-light currents
from lattice HQET to continuum HQET was done at one loop in mean-field-improved perturbation
theory [24].
In the data analysis, it turned out to be more natural to work with the linear combinations F+ =
F1 +F2 and F− = F1−F2. The final results for these form factors, extrapolated to the continuum
limit and to the physical light-quark masses, are shown in Fig. 4. These extrapolations assumed a
linear dependence on the valence quark masses, a quadratic dependence on the lattice spacing, and
used a dipole model to interpolate the dependence on EX −mX . Within the statistical uncertainties,
the results do not actually show any significant dependence on the quark masses or lattice spacing,
and the fits have good quality. We estimated the total systematic uncertainties in the form factors
F+ and F− to be 8% [2, 3], dominated by the uncertainty associated with the perturbative current
matching.
In Fig. 5, I show the Λb → Λµ+µ− differential branching fraction (dB/dq2 = τΛbdΓ/dq2),
calculated in the Standard Model with the form factors F± from Fig 4. Only the matrix elements
of O7, O9, and O10, which can be expressed in terms of the form factors, are included, with some
perturbative corrections to partially account for the four-quark operators. These corrections fail to
6
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Figure 4: Final results for the HQET form factors F± = F1±F2 for ΛQ→ Λ (left) and ΛQ→ p (right). The
shaded bands show the total (including 8% systematic) uncertainties.
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q2 (GeV2)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
dB
/d
q2
(1
0−
7
G
eV
−2
)
←−
form factors extrapolated
Λb→ Λ µ+µ−
(static b)
CDF 2012 (9.6 fb−1)
LHCb 2013 (1.0 fb−1)
Figure 5: Differential branching fraction of Λb → Λµ+µ−, calculated in the static approximation for the
b quark. The inner error band originates from the uncertainties in F±, as well as the uncertainties in the
non-lattice input parameters. The outer error band additionally includes the uncertainty associated with the
static approximation, which is of order
√
Λ2QCD+ |p′|2/mb. The vertical yellow bands indicated the excluded
regions around the J/ψ and ψ(2S) resonances, where the neglected long-distance effects are dominant. The
experimental results are from Refs. [25, 26].
describe the strong nonperturbative enhancement of the matrix elements of O1 and O2 that is ex-
pected for
√
q2 near the mass of a charmonium resonance with JPC = 1−−, so one has to stay away
from these regions. Besides the missing long-distance effects, the largest source of uncertainty in
this calculation is the static approximation (for q2 . 13 GeV2, there is an additional unquantified
uncertainty associated with the extrapolation of the form factors). Also shown in Fig. 5 are exper-
imental results from CDF [25] and LHCb [26]. These currently agree with our Standard Model
calculation, but given the large uncertainties, there is still room for possible new physics. The
LHCb results are based only on the 2011 data, and results with much higher statistics are forth-
coming. With more data, an angular analysis of Λb→ Λ(→ ppi−)`+`− will also become possible.
Figure 6 contains two examples of angular observables: the lepton-side forward-backward asym-
7
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unpolarized Λb
(static b)
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form factors extrapolated
Λb→ Λ(→ ppi) µ+µ−
unpolarized Λb
(static b)
Figure 6: Lepton-side (left) and hadron-side (right) forward-backward asymmetries of Λb → Λ(→
ppi)µ+µ− with unpolarized Λb, calculated in the static approximation for the b quark.
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q2 (GeV2)
0
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3
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dΓ
/
dq
2
|V u
b|2
(p
s−
1
G
eV
−2
)
Λb→ p µ− ν¯µ
(static b)
Figure 7: 1/|Vub|2 times the Λb→ pµ−ν¯µ differential decay rate, calculated in the static approximation for
the b quark [3].
metry A(`)FB, and the hadron-side forward-backward asymmetry A
(h)
FB = aP
(Λ)
z [see Eq. (2.11)], both
calculated for unpolarized Λb (the polarization of the Λb’s produced at the LHC is expected to be
weakly transverse; the currently available measurement is consistent with zero [27]).
Finally, Fig. 7 shows the predicted differential decay rate of the charged-current decay Λb→
pµ−ν¯µ , in the kinematic region where the form factor shape is reliably determined by the lattice
data. Note that unlike Λb → Λµ+µ−, this decay is not affected by long-distance effects. The
integrated rate for q2 > 14 GeV2 is equal to
1
|Vub|2
∫ q2max
14 GeV2
dΓ(Λb→ pµ−ν¯µ)
dq2
dq2 = 15.3±2.4±3.4 ps−1, (4.2)
where the first uncertainty stems from the uncertainty in the form factors F+ and F−, and the second
uncertainty is due to the static approximation.
5. Lattice calculation with relativistic b quarks
The uncertainties in the calculations of Λb decay observables in the previous section are dom-
8
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Sets am(b) ξ (b) c(b)E,B Z
(bb)
V am
(c) ξ (c) c(c)E c
(c)
B Z
(cc)
V
C∗ 8.45 3.1 5.8 10.037(34) 0.1214 1.2362 1.6650 1.8409 1.35695(38)
F∗ 3.99 1.93 3.57 5.270(13) −0.0045 1.1281 1.5311 1.6232 1.18343(26)
Table 3: Parameters for the b quark [30, 31] and the c quark [32] on the coarse and fine lattices.
inated by the O(Λ/mb) errors caused by the static approximation. To eliminate these errors, I
am currently performing new calculations of the full set of relativistic form factors defined in
Eqs. (2.7)-(2.10), with a “relativistic” lattice action for the b quark. These new calculations are
done on the same RBC/UKQCD gauge field ensembles, and reuse the existing domain-wall propa-
gators for the u, d, and s quarks (see Table 2). In addition to the Λb→ Λ and Λb→ p form factors,
I now also compute the Λb → Λc form factors, which are relevant for the decay Λb → Λc`−ν¯`.
This decay can be used to determine |Vcb|, and is a major background for the measurement of
Λb→ p`−ν¯` at LHCb.
The lattice actions for the b and c quarks are based on the Fermilab approach [28] and have
the form
SRHQ = a4∑
x
Q¯
(
m+ γ0∇0− a2∇
2
0+ξγ ·∇−
a
2
ξ∇2+
a
2
cE iσ0 jG0 j+
a
4
cB iσ jkG jk
)
Q. (5.1)
The values of the parameters used here are given in Table 3. For the bottom quarks, I adopted the
choice made by RBC and UKQCD collaborations, who have tuned the three parameters m, ξ , and
cE = cB nonperturbatively [29, 30]. For the charm quarks, the two parameters m and ξ have been
tuned nonperturbatively by Z. S. Brown, with cE and cB set to their tadpole-improved tree-level
values [32].
The matching of the b→ q currents (q= u,s,c) to the MS scheme is now performed using the
“mostly nonperturbative” method [33], writing
JΓ = ρΓ
√
Z(qq)V Z
(bb)
V
[
q¯Γb+a∑
i
cΓ,i J
(∇)
Γ,i
]
, (5.2)
where Z(qq)V and Z
(bb)
V are the renormalization factors of the currents q¯γ0q and b¯γ0b, which have
been computed nonperturbatively [21, 31]. The remaining factors ρΓ (which are expected to be
close to unity) and theO(a)-improvement coefficients cΓ,i are being computed in tadpole-improved
one-loop perturbation theory using the framework PhySyHCAl [34]. In the preliminary results
presented in the following, the matching coefficients ρΓ are still missing for the tensor/pseudotensor
currents and for all b→ c currents. Furthermore, only the tree levelO(a)-improvement is included.
To determine the form factors, I work in the Λb rest frame and compute the “forward” and
“backward” three-point functions
C(3,fw)δα (Γ, p
′, t, t ′) = ∑
y,z
e−ip
′·(x−y)
〈
Xδ (x0,x) J
†
Γ(x0− t+ t ′,y) Λ¯bα(x0− t,z)
〉
, (5.3)
C(3,bw)αδ (Γ, p
′, t, t− t ′) = ∑
y,z
e−ip
′·(y−x)
〈
Λbα(x0+ t,z) JΓ(x0+ t ′,y) X¯δ (x0,x)
〉
, (5.4)
where Xδ is the interpolating field of the p, Λ, or Λc, and p′ is its momentum. As illustrated
in Fig. 8, Eqs. (5.3) and (5.4) can be constructed from standard shell-source light-, strange-, and
9
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x
y
t
t'
z
z
y
t
t t'
b
u,s,c u,s,c
b
uu
d d
Figure 8: Forward (left) and backward (right) three-point functions.
charm-quark propagators with source location (x0,x); only the b-quark propagators are sequential
and need to be recomputed for each source-sink separation, t.
As an example, I will explain in the following how I extract the vector form factors fV1 , f
V
2 ,
and fV3 from the correlation functions. The expressions for the other form factors are very similar.
I first compute the following ratios of three-point and two-point functions,
RV⊥,unpol(p
′, t, t ′) =
rµ [(1,0)] rν [(1,0)]Tr
[
C(3,fw)(p′, γµ , t, t ′)C(3,bw)(p′, γν , t, t− t ′)]
Tr
[
C(2,X)(p′, t)
]
Tr
[
C(2,Λb)(t)
] , (5.5)
RV⊥,pol(p
′, t, t ′) = rµ [(0,e j×p′)] rν [(0,ek×p′)]
× Tr
[
C(3,fw)(p′, γµ , t, t ′)γ5γ jC(3,bw)(p′, γν , t, t− t ′)γ5γk
]
Tr
[
C(2,X)(p′, t)
]
Tr
[
C(2,Λb)(t)
] , (5.6)
RV‖,unpol(p
′, t, t ′) =
qµ qν Tr
[
C(3,fw)(p′, γµ , t, t ′)C(3,bw)(p′, γν , t, t− t ′)]
Tr
[
C(2,X)(p′, t)
]
Tr
[
C(2,Λb)(t)
] , (5.7)
where q = p− p′ and r[n] = n− (q·n)q2 q. In these ratios, all overlap factors as well as the t and
t ′ dependence cancel for the ground-state contribution. Furthermore, these ratios are rotationally
symmetric (in the continuum), and I average them over the direction of p′. I computed the ratios
for all source-sink separations in the range 4 ≤ t/a ≤ 15 on the coarse lattices and 5 ≤ t/a ≤ 15
on the fine lattices, which gives excellent control over excited-state contamination. Examples of
numerical results for Eqs. (5.5), (5.6), and (5.7) are shown in Fig. 9. I then calculate the functions
RV1 =
√
EX
EX +mX
q2
(EX −mX)((mΛb +mX)2−q2)
[
2(mΛb +mX)
√
RV⊥,unpol−
√
RV⊥,pol
]
, (5.8)
RV2 =
√
EX
EX +mX
mΛb
(EX −mX)((mΛb +mX)2−q2)
[
(mΛb +mX)
√
RV⊥,pol−2q2
√
RV⊥,unpol
]
,
(5.9)
RV3 =
2mΛb
√
EX
EX+mX
RV‖,unpol−mΛb(mΛb−mX)RV1
mΛb(mΛb−2EX)+m2X
, (5.10)
where I evaluate RV⊥,unpol, R
V
⊥,pol, and R
V
‖,unpol at the midpoint t
′ = t/2 [in Eq. (5.10), RV1 is given
by Eq. (5.8)]. Up to excited-state contamination that decays exponentially for t→ ∞, RV1 , RV2 , and
RV3 are equal to the form factors f
V
1 , f
V
2 , and f
V
3 , respectively. Examples of numerical results for
RV1 , R
V
2 , R
V
3 and the analogous quantities for the other seven form factors are shown in Fig. 10. To
extract the ground-state contributions, I fit the dependence on the source-sink separation using
R(t) = f +Ae−δ t , δ = δmin+ e l GeV (5.11)
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Figure 9: Preliminary results for the ratios (5.5), (5.6), and (5.7) at |p′|2 = 3(2pi/L)2, plotted for three
different source-sink separations t. The data shown here are from the C24 data set.
with separate parameters f , A, and l for each form factor, each value of |p′|2, and each data set.
Here, δmin is a small minimum energy gap, introduced for numerical stability. The fits include
constraints that limit the variation of the parameters l across the different data sets (for a given form
factor and given value of |p′|2). These fits are also shown in Fig. 10. Some of the ground-state form
factors are in fact close to zero, in which case the careful removal of excited-state contamination is
particularly important.
The preliminary results for all Λb→ p, Λb→ Λ, and Λb→ Λc form factors (still at nonzero
lattice spacing and unphysical light-quark masses), are shown in Figs. 11 and 12. The last step of
the data analysis (after the renormalization and O(a)-improvement are finalized) will be to fit the
form factor shapes and perform chiral and continuum extrapolations.
6. Conclusions
The Λb baryons produced at the LHC in large quantities offer exciting new opportunities for
flavor physics, and lattice QCD calculations of Λb decay form factors (and other quantities, such
distribution amplitudes [35]) are called for. The decay Λb → Λµ+µ− has excellent potential for
constraining the Wilson coefficients C7,9,10 and C′7,9,10, which is especially interesting in light of
recent hints of deviations from the Standard Model in B → K∗µ+µ− and Bs → φµ+µ− [36].
Furthermore, the analysis of the decay Λb→ pµ−ν¯µ will likely yield the first determination of the
CKM matrix element |Vub| at the LHC. Unlike the rare b→ s decays, this process is not affected
by long-distance contributions, and the theory precision is limited only by the knowledge of the
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Figure 10: Preliminary results for the quantities RV1,2,3 [defined in Eqs. (5.8)-(5.10)] and the analogous
quantities RA1,2,3, R
TV
1,2 , and R
TA
1,2, along with fits of the t-dependence (t is the source-sink separation). The
results shown here are at |p′|2 = 3(2pi/L)2 and are from the C24 data set.
Λb → p form factors. Using the new calculations of the relativistic form factors presented here,
the uncertainty of the Λb→ pµ−ν¯µ decay rate in the large-q2 region will likely be reduced by at
least a factor of 2 [compared to Eq. (4.2)], which will allow a |Vub| determination with a theory
uncertainty of about 7% or lower (the discrepancy between the existing |Vub| extractions from
inclusive and exclusive B-meson decays is about 30% [11]).
In the lattice calculations of the form factors, the careful removal of excited-state contamina-
tion is absolutely essential, as can be seen in Fig. 10. This aspect is in fact under better control here
than in typical lattice calculations of nucleon form factors, because the three-point functions have
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Figure 11: Preliminary results for the form factors fV1 , f
V
2 , f
V
3 , f
A
1 , f
A
2 , and f
A
3 , plotted as a function
of |p′|2/(2pi/L)2. The results from the different data sets are plotted with different colors and are offset
horizontally for clarity. The renormalization and O(a) improvement are still incomplete, as explained below
Eq. (5.2).
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Figure 12: Like Fig. 11, but for the form factors f TV1 , f
TV
2 , f
TA
1 , and f
TA
2 .
been computed for a wide range of source-sink separations. This is computationally affordable
because no sequential light-quark propagators are needed (cf. Fig. 8).
Now that the O(Λ/mb) errors associated with the static approximation have been removed,
other sources of uncertainty are more important. These include the light-quark mass extrapolations
of the form factors, for which chiral perturbation theory is only of limited use [3]. It is planned to
perform new calculations directly at the physical point, which will eliminate this uncertainty.
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